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SYNOPSIS

This report contains a description of fourteen

experiments on wide-flange beams braced by purlins. These

experiments were performed to study the bracing requirements

of plastically designed beams. All fourteen beams performed

in a satisfactory manner by delivering a plastic hinge of

sufficient rotation capacity. The results indicate that

beam bracing members need to possess only nominal bending

stiffness. Failure in each test was precipitated by com-

bined local and lateral-torsional buckling.
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1. INTRODUCTION

The proper proportioning of lateral bracing is of

great importance in the design of steel structures, particularly

when the design is based on the principles of plastic theory.

In plastic design a given member must not only be capable of

supplying its full plastic moment M, but it usually must also

sustain this moment through a certain amount of inelastic rota-

tion.

Ample experimental evidence exists which indicates

that beam elements in continuous structures can behave as

assumed in simple plastic theory( 1 )o This means that the first

hinge to form in the structure is capable of rotating without

a drop in the plastic moment until the last hinge has developed

and the structure fails as a mechanism. This ideal performance

is achieved, however, only if the detrimental effects of in-

stability can be prevented from influencing the inelastic rota-

tion capacity of the member.

Desirable and undesirable rotation behavior is illu-

strated in Fig. 1, where a simply supported beam is subjected

to two symmetrically placed concentrated loads such that the
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central portion of the beam is under uniform moment. The two

curves in Fig. I show the relationship between the moment in

the central segment of the wide-flange beam and the slope at

the end of this segment (M - 9 curves). In plastic design it

is necessary that the M - 9 curve possesses a flat plateau at

the level of Mp (solid curve in Fig. 1) before failure occurs

by a reduction of the moment capacity. In a properly braced

beam this reduction is usually triggered by local buckling.

The flat portion of the M - 9 curve must be of sufficient length

to permit hinge formation elsewhere in the structure of which

the beam element shown in Fig. 1 is a part. Undesirable per-

formance is usually the result of improper bracing, and it is

characterized by the absence of a hinge plateau, as shown by the

dashed curve in Fig. 1. In this case no plastic hinge exists,

and the M - 9 curve unloads as soon as lateral buckling occurs.

There are two instability phenomena that occur in

steel wide-flange members which are subjected to forces causing

bending about the major axis of the section: lateral buckling

and local buckling. These buckling phenomena are inherent weak-

nesses of the wide-flange shape, and they cannot ultimately be

prevented from occuring. Despite these congenital deficiencies,
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however, wide-flange beams can be made to behave in a satisfactory

manner.

It has been observed( 2 ) during experiments on beams

loaded as shown in Fig. I that lateral buckling started as

soon as the full plastic moment was reached, regardless of the

spacing of the bracing. This did not, however, precipitate

failure, The members continued to deform without a drop in

moment capacity, provided the lateral bracing was spaced at less

than or equal to a certain critical distance. Failure finally

occurred in these beams after local buckling of the flanges had

set in and at rotations sufficiently large to justify use of

the members in plastically designed structures.

The following problems can now be formulated:

1) What must be the spacing of the lateral bracing

in order to attain satisfactory behavior?

2) What is the required stiffness of this bracing?

3) What are the maximum width-thickness ratios

required to force local buckling to occur at

strains large enough to permit the full deve-

lopment of a plastic hinge.
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The last of these problems, that is the local buckling

problem, has been considered( 3 ), and it was found that the

width-thickness ratios of the plate elements in most rolled

wide-flange shapes were satisfactory, and that sufficient in-

elastic rotation can be expected in bending if the width thick-

ness ratios did not exceed the following values: b/t = 17 and

d/w = 70,

The problem of the spacing of lateral bracing in

plastically designed structures has been investigated theoreti-

cally and experimentally( 2 )(3)( 4 )( 5 ), and specifications based

on this research are now in use( 6 ), However, no information

was available on the minimum requirements of the stiffness of

this bracing. The problem has been studieu for elastic struc-

tures( 7 )(8), but it was found necessary to perform some experi-

ments for the inelastic range. These experiments were conducted

in 1961 and 1962 at Lehigh University. This report contains a

description of the tests and a discussion of the experimental

results.
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2. DESCRIPTION OF THE EXPERIMENTAL PROGRAM

2.1 OBJECTIVES

A series of fourteen experiments were performed in

this program to study the behavior of braced beams. The struc-

ture used in these tests was a simply supported wide-flange

ber a which was loaded by two symmetrically spaced lateral loads

such that the central portion of the beam was subjected to uni-

form moment. Bending was about the major axis of the rolled

steel beam. A schematic view of the test structure is shown in

the inset of Fig. 1; the actual structure is shown in Fig. 2o

It was found convenient to apply the loads at the ends and to

provide the reaction support in the interior of the span, thus

turning the structure so that the compression flange was at

the bottom. The resulting moment diagram is the same in either

case, and it is shown in the lower part of Fig. 2.

Lateral bracing was provided at the ends of the member

and under the load points, thus subdividing the beam into three

unbraced fields. The two outside spans remained essentially

elastic and were each of length Ladj. These spans are termed

the "adjacent spans". The central portion is the critical span
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because it is subjected to uniform moment. This span was fully

yielded under the plastic moment Mp.

Lateral bracing at the ends consisted of two knife-

edge guides which permitted free transverse deflection and

rotation, free lateral rotation and free warping, but they pre-

vented twisting and lateral deflection. The lateral bracing at

the load points bracketed the critical segment of the beam, and

it consisted of purlin members which framed into the compression

flange of the beam at right angles.

The principal objective of the experiments was to

determine the minimum dimensions of the purlin members required

to still permit the braced beam to deliver a plastic hinge.

Other objectives were: (1) to observe the post-yielding behavior

of beam-purlin assemblies in order to furnish data for later

theoretical work, (2) to study the effectiveness of various

methods of attaching the purlins to the beam, (3) to study the

effect of varying the length of the adjacent span, and (4) to

investigate the effectiveness of the vertical stiffeners at the

points of lateral support.

2°2 SPACING OF THE BRACING

The problem of the proper spacing of the bracing was
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considered in a previous test program( 2 ). In this study the

experiments were performed on the same structure as in the

present investigation (Fig. 2.) with the exception that the

purlins under the load point were replaced by knife-edge guides

which permitted lateral rotation but prevented lateral deflec-

tion and twisting.

The only experimental variable was the length of the

critical span. Four tests were performed, with Lcr = 35ry,

40ry, 45ry and 50ry (where ry is the least radius of gyration).

In each case the adjacent span length was kept equal to the

length of the critical span. The results of the tests were as

follows: all but the longest beam (Lcr = 50ry) delivered a

plastic hinge of at least ten times the rotation at the initia-

tion of yielding.

These tests showed that for the type of structure and

loading which was investigated one could expect a plastic hinge

to form if the critical span was no longer than 4 5 ry. Since a

uniform moment on the critical span is the most severe condition

which one could encounter in plastic design, it was decided to

test the same type of structure for the present study on the
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required bracing. The critical length for all of these tests

was taken as 40r y

2°3 TEST PROGRAM

The details of the test program are listed in Table 1.

A total of 14 experiments were performed, and the breakdown of

the variables is as follows.

Main beams: With the exception of P-3 and P-4 these

were all 10WF25 shapes. The former were 8B13 shapes, and the

different section for these was chosen to find out if signifi-

cantly different behavior resulted from selecting a section

which is more critical with regard to local buckling. The length

of the critical span was in each case 40ry. In all except P-6

the length of the adjacent span was equal to the length of the

critical span. The adjacent span for P-6 was 60ry.

Purlin Members: In tests LB-12, LB-13, and LB-14 the

size of purlins was varied while their length was kept constant.

In tests LB-18, LB-19, and LB-20 the length of the purlins was

varied while their size was kept constant. The purlins for

most of the other tests were chosen to give a length-to-depth

ratio of 28.
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The purlin lengths for LB-22 and P-10 were somewhat

shorter (i/d = 18.7) because purlins were provided on one side

only. This bracing condition simulates an end-frame in a multi-

frame structure. All other purlins extended an equal length on

both sides of the beam. The purlins were all pinned at their

far end to fixtures which were tied to the laboratory floor.

Beam-to-purlin connections: Purlins for all tests

except LB-22, P-6, P-8 and P-10 were one piece, going through

under the main beam. In test P-7 the purlins were bolted to the

beam by four 3/8-in, bolts. In all the other tests the purlins

were fillet welded to the outside face of the compression flange

of the main beam, In tests P-6 and P-8 the purlins were dis-

continuous (that is, two separate purlins), in P-6 they were

welded on and in P-8 they were bolted on. In tests LB-22 and

P-10, where purlins were provided on one side only, the purlins

were welded on for LB-22 and bolted on for P-10. In all contin-

uous purlins stiffeners were added in the plane of the web of

the main member. Details of the various beam-to-purlin con-

nections are shown in Fig. 3.

Vertical Stiffeners: Full vertical stiffeners were
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welded to the main beam at all points of lateral support. Details

of these stiffeners can be seen in Fig, 3. These stiffeners were

present in all the specimens except in test P-9, where the stiff-

eners at the purlin points extended only halfway, thus stiffening

only the compression flange and half of the web, This experi-

ment was performed to determine whether full stiffeners might

be omitted in plastically designed beams. This stiffener detail

can be clearly seen in Fig, 6.

2°4 TEST SET-UP

Various views of the test set-up are shown in Figs.

4a, b, c, and d, The two vertical support rods at the purlin

points, as well as the two hydraulic jacks which supplied the

loads to the ends of the beam, reacted against a stiff over-

head supporting girder, This girder was supported by the cross-

beams of two rectangular frames, The supporting columns for

these frames were bolted to the laboratory floor (Fig, 4c).

The loads were applied at the ends of the test beam by

means of two hydraulic jacks, These jacks were on a parallel

pressure circuit and therefore they supplied equal downward

forces, The hydraulic pressure was furnished by an Amsler

pendulum dynamometer which also measured the magnitude of the
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applied loads. To simulate knife-edge loading, the loads were

transmitted from the jacks to the beams through 2-ino diameter

rollers (Fig. 4a and c).

The vertical supports at the purlin points (at the

ends of the critical span) were 1-in. diameter high-strength

steel rods. These rods were connected by an articulated joint

to the overhead supporting girder at their top, At the bottom

the vertical rod was pin-connected to the test beam either

through two plates welded to the tension flange (tests LB-12,

LB-13, LB-14, LB-22, P-6, P-8 and P-10) or through a yoke

which transmitted the forces to the compression flange (all

other tests), In the latter case the load was carried through

the yoke by means of four high-strength steel, rods to a 1-in.

thick plate on the compression side of the beam. The load was

further transmitted to the test beam by means of a roller placed

parallel to the longitudinal axis of the beam between the plate

and the beam in such a manner that the vertical support did not

restrain the cross section from twisting. Further details of

these two loading arrangements are visible in the photographs

of Figs. 5 and 6.
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Lateral Supports: The lateral supports at the ends

of the test beam consisted of two 1/2-in, plates which were

bolted to the webs of two 5-in, deep channels. These channels

were in turn welded to a base plate which was bolted to a heavy

base beam. This beam was anchored to the laboratory floor. To

create a knife-edge condition, 1/2-in, diameter rods were weld-

ed to the edges of the plates, and before each test, grease was

applied along the contact points of this rod with the flanges

of the test beam to keep friction to a minimum. Details of

these lateral supports can be seen in Figs. 4b and c.

Lateral support at the ends of the critical span was

provided by purlin members framing into the outside face of the

compression flange at right angles, Details of the beam-to-

purlin connections have been described earlier, The drawings

in Figs. 4b and 4d show the layout of this bracing system, and

an overall view is given in Fig, 7, where the photograph shows

test P-8 in progress,

2°5 INSTRUMENTATION

Deflections and curvatures in the loading and lateral

direction were measured during each test, In the elastic range

readings were taken for convenient increments of load, while in
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the inelastic range increments of deformation were used. Load-

ing was stopped each time readings were taken.

In the inelastic range the readings were not taken

until sufficient time had elapsed to permit the system to come

to rest, and therefore the effects of rate of loading do not

influence the results and the test points in the curves in

Figs. 9 to 10 represent stable deflection configurations for

static loading.

Vertical deflections of the test specimen were mea-

sured by means of a surveyor's level and a travelling 1/100-in.

scale that was held vertically at each of thirteen points laid

out across the entire length of the beam. Lateral deflections

were measured by means of a transit fixed in a vertical plane

and a 1/100-in. travelling scale. Lateral deflections of both

the compression and tension flange were recorded.

Curvature of the test beam was obtained from strain

readings in the plane of the web and from section geometry.

Strains were obtained from pairs of SR-4 gages placed as shown

in Fig. 8. The gages at the flange tips were used to determine

the start of lateral buckling since this caused a significant
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difference in strain on the opposite tips of the compression

flange. At each end of the critical span, slope-measuring

devices were used. These devices can be seen in Fig. 5. A

15-in. steel rod was connected to the stiffener and thus ro-

tated with the test beam. The amount of rotation was mea-

sured by two Ames Dials connected to the ends of the rod by

thin steel wire. The dial readings furnished the slopes at

each end of the critical span, and since there was theoreti-

cally a constant moment across the span, the curvature was ob-

tained by dividing the change in slope by the length. The values

of curvature so obtained were used as a check on those calculated

using the strain readings, and the two compared favorably.

2.6 MATERIAL PROPERTIES

The test specimens were rolled 10WF25 and 8B13 sections

of ASTM A7 structural steel. They were produced in three separ-

ate rollings: two for the 10WF25 and one for the 8B13 section.

Three series of tensile coupon tests were made for each of the

three heats to determine the material properties. Coupons were

cut from the webs and the flanges of the cross sections. The

yield stress in the flanges (Oyf) and in the web (sw) are listed

in Table 2 for each specimen. The plastic moment of the sections
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was computed by the formula:

Mpl = bt (d-t) Oyf + H (d-2t) 2 (jw (1)

to account for the differences in yield stress between the web

and the flanges. Average measured dimension b, t, d, and w

were used for each specimen, and the calculated plastic moments

are listed in Table 2. These values (Mpl) were used in non-

dimensionalizing the results of the experiments.

In addition to the coupon tests, three short beam

tests were performed to determine the plastic moment experi-

mentally. The length of the short beams was 2 Ory and the mea-

sured plastic moments are given as Mp2 in Table 2.

Nominal section properties of all beam and purlin

sections used in this program are tabulated in Table 3.

3. DISCUSSION OF THE EXPERIMENTAL RESULTS

3.1 LOAD-DEFORMATION BEHAVIOR

There are three types of deformations which can be

considered in the comparative study of the behavior of the test

specimens: (1) the deformations in the vertical plane (which

was also the plane in which the loads were applied), (2) the
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lateral deflections or the twisting of the member, and (3) the

local buckling deformations. By comparing the load-deformation

curves, one can draw conclusions about the influence of the

variation of the test parameters.

The curvature at the midspan of the critical segment

will be used in the following parts of this report as an index

of the behavior in the vertical plane. The vertical deflec-

tions at midspan or the slope at the ends of the critical span

could just as well have been used.

The curvature was computed as the average curvature

obtained from the strains recorded by three pairs of strain

gages located at and two inches away from the mid section of

each beam (sections AA, BB and CC in Fig. 8). These strain

gages were located in the plane of the web on the outside faces

of the flanges. The resulting curvature is, strictly speaking,

not the curvature in the vertical plane, but the curvature in

the plane of the web. The curvature in the vertical plane is

equal to the curvature in the plane of the web times the cosine

of the angle of twist. The cosine of the largest recorded

angle of twist was, however, greater than 0.98, and therefore
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the two curvatures can be considered identical for all practical

purposes.

The test results for the load-deformation behavior in

the vertical plane are presented in Figs. 9 to 15. In Fig. 9

the moment-versus compression and tension flange strains are

shown for test LB-18o A complete moment-curvature curve for

test LB-18 is given in Fig. 10. The curves in Figs. 11 to 15

show the inelastic portion of the M-0 curve for each test.

Included among these is also the curve for test LB-15 from

the previous test program( 2 ). This test was in all respects

identical to the tests in this test series (Lcr = Ladj; = 40ry;

A-7 steel, 10WF25 section), except that the bracing at the ends

of the critical span was not furnished by purlins but by knife-

edge guides.

The M-0 curves in Figs. 10 to 15 are non-dimensional-

ized as follows: The moment (the ordinate) is divided by the

plastic moment, Mp, which was computed by Eq. 1. The curvature

(the abscissa) is divided by the curvature at the theoretical

initiation of yielding, Oy = 2Ef

E

The load-deformation behavior in the lateral direction
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is illustrated in Figs. 16 to 19 by moment-versus-twisting

angle curves. In Fig. 16 a typical set of curves is shown

for test LB-18. The curve on the left is for the lateral

deflection of the compression flange, uc; the curve in the

center gives the lateral deflection of the tension flange

ut- ; and the right curve shows the variation of the angle

of twist, P. The relationship between uc, ut and P is shown

by the sketch in this figure. The curves in Figs. 17 to 19

show the twist 3 of the section at the center of the critical

segment.

The complete curves are shown in Fig. 16 as an ex-

ample, and the inelastic portions of the M-P curves are given

in Fig. 17 to 19 for each test, including LB-15.

Since it was not known a priori where local buckling

would occur, no measurements were made on the change in the

shape of the cross section. Local buckling was observed visu-

ally, and the load-point at which local buckling first was ob-

served is noted on each curve in Figs. 10 to 19 by an arrow and

by the symbol B. At these locations local buckling, which

occurred in each test in the compression flange, was definitely

present. Since it was possible to clearly note the start of
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local buckling by visual observation of the flange tips, it is

also certain that local buckling was not present at the load-

point before. Thus local buckling commenced between the load-

point marked B and. the point directly before it.

Also shown in each curve in Figs. 10 to 16 is the

start of lateral buckling. This point is located by an arrow

and the symbol A. The start of lateral buckling was noted

from a distinct lateral movement of the compression flange (see

M-uc curve in Fig, 16), and from the change in the strain read-

ings in the SR-4 gages located at the tips of the flanges at

midspan (Fig. 8).

Because of the fact that local buckling could be con-

sidered the point of failure in many of the experiments, the

deflected shape of the compression flange at the start of local

buckling (.Bin Figs. 10 to 19) is also of interest. The deflect-

ed shape of the compression flange along the whole length of

the beam is given for each test in Figs. 20 to 22.

The experimental data have now been presented: M-0

curves in Figs. 10 to 15, M-P curves in Figs. 16 to 19, and

the deflected shapes at the start of local buckling in Figs.
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20 to 23. Following is a discussion of the significance of

these test results.

3.2 THE FAILURE OF BRACED BEAMS

All tested beam-purlin assemblies behaved in a very

similar manner during the complete loading history. Upon the

application of the first few loads the beams responded ela-

stically. The M-0 relationship was linear (see Fig. 10), and

no lateral deflections were observed. Above approximately 0.8

Mp, yielding commenced due to the presence of residual stresses,

and the M-0 curves became non-linear. Each M-0 curve exhibited

such a "knee" which finally flattened out when the whole cross

section became plastified.

Each test specimen furnished a "hinge plateau" at

or near the value of MP computed from the previously measured

material and cross sectional properties, as can be seen from

the M-0 curves of Figs. 11 to 15. There are some variations in

the level of the experimental plastic moment; however, these

are not large (the maximum is 1.07 Mp for LB-20 and the minimum

is 0.93 Mp for P-3), and they can be attributed to minor varia-

tions in material and sectional properties. Thus each test

did deliver a plastic hinge of some length.
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Soon after full plastification of the critical segment,

lateral buckling was observed in all the tests. This phenomenon

occured near a curvature of 3 Oy, with a variation ranging from

1.5 0y for P-6 and 5°3 0y for LB-20. Despite the presence of

lateral buckling, no unloading of the moment was observed. As

the deformation was increased, the beams continued to hold the

moment while deforming both in the vertical plane and in the

lateral direction, This can be seen from the sketch of the

compression flange of the critical segment of the beam in Fig.

23, The top sketch in this figure shows the distribution of the

yield lines at the outside face of the compression flange at-the

start of lateral buckling. The yield lines were relatively

evenly spaced. As vertical deflection was increased, all of

the shortening of the compression flange was due to lateral

movement. No new yield lines which spanned across the whole

width of the flange appeared. However, new yield lines appear-

ed in that region of the compression flange which was further

compressed by the lateral buckling process. The distribution of

the yield lines just prior to local buckling is illustrated by

the lower sketch in Fig. 23. Local buckling occurred always

in the newly yielded region, and it started at the flange tip.

Its inception could be readily observed by the appearance of
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small waves in the flange. After lateral buckling the purlins

also began to deform in the horizontal plane.

The start of local buckling could be considered the

start of failure for many of the experiments (LB-18, LB-22,

P-6, P-7, P-8, for example). However, for some, the beam con-

tinued to support the moment (P-4 and P-9, for example) despite

the presence of both local and lateral buckling, and even for

those tests where local buckling initiated unloading, this

process was gradual and it could by no means by considered

catastrophic. In some of the tests (LB-15 and LB-19 for ex-

ample) one could argue that unloading began before local

buckling. However, in these tests the point of failure is

just one load point before the recorded onset of buckling. It

was pointed out earlier that local buckling could occur between

these two points, and thus unloading for these two tests is

also due to local buckling.

3.3 THE ROLE OF THE PURLINS

The purlins which were attached to the compression

flange of each test beam at the ends of the critical span acted

as effective lateral braces, because each beam was able to sustain

the full plastic moment through a certain amount of inelastic
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rotation. The action of the purlins was two-foldz (1) they

prevented the lateral movement of the compression flange at

the bracing points, and (2) they helped, along with the elastic

compression flange of the adjacent beam span, to restrain the

lateral rotation of the compression flange at the ends of the

critical span.

The first action, that is keeping the point of bracing

fixed in the lateral direction, was performed very well by most

of the purlins, as can be seen by observing the lateral deflected

shapes of the compression flanges in Figs. 20 to 22. These

curves represent the shape of the flange centerline at the point

of observed local buckling. For most of the tests the purlin

points moved hardly at all, or very little (on the order of 0.1

in.) except for tests LB-22 and P-10 where purlins were present

on one side only. In these two tests, especially on the left

purlin of LB-22, the movement of the purlin point was consider-

able. Despite this fact, however, a plastic hinge was delivered.

The second action, that of providing an elastic re=

straint to the lateral deformation of the critical compression

flange, was quite small, and it is not a necessary function

of the purlins. It was shown in the previous test-program( 2 )
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that the adjacent span is quite sufficient for providing the

necessary stiffness. In these tests (one of these was LB-15,

the deflected shape of which is shown in Fig. 20) the purlins

were replaced by knife-edges, which provided no restraint

against the lateral rotation of the compression flange.

An estimate of the relative magnitude of the lateral

restraint at the ends of the critical span can be made by

assuming that this restraint is furnished by the purlins, which

ramained elastic in all of the tests (as evidenced by the

absence of yield lines on the coat of whitewash~land from strain

gage readings in one test), and by the compression flange of

the adjacent spans. The deformed shape of the top of the

beam-purlin assembly is shown in Fig. 24. The stiffness of

the adjacent spans is equal to

M =3EIyB

2LB

and the stiffness of one purlin is equal to

M 3EIyp

The relative stiffness is defined as

SAW M I (2)

SPURLINS - N yp (3)
-3Eg = Lp
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In Eq. 2, SADj is the relative stiffness of the com-.

pression flange of the adjacent span, and in Eq. 3, SPURLINS

is the same quantity for the two purlins. The total relative

stiffness is equal to-

S = SADJ + SPURLINS (4)

The computed values of SADj, SPURLINS and S are

tabulated in Table 4 for all of the experiments. It can be

seen from this list that the cont-ibution of the purlins

small when compared to the contribution of the adjacent span.

One could conclude from this that even the seemingly large

variations in purlin stiffness of these tests would have a

small influence of the behavior of the critical span, as long

as the purlins are able to keep the point of support from

moving laterally.

This is indeed so, as can be seen from Fig. 25, in

which the total stiffness S, is plotted against the vertical

plane curvature at the start of local buckling (upper portion

of Fig. 25) and against the lateral deflection of the com-

pression flange, LC , at the start of local buckling (lower por-
L Uc

tion of Fig. 25). These values of 0/0y, -r-, as well as the

midspan twist 1/L are also tabulated in Table 4. The scatter

of the points in Fig. 25 indicates that there is no distinquish-
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able regular trend between the failure behavior of the beam and

the lateral stiffness of the purlins.

3.4 THE INFLUENCE OF INSTABILITY

Two types of inelastic instability were observed in

these experiments: lateral buckling and local buckling. Des-

pite the presence of bracing and despite the fulfillment of the

required width-thickness provisions, the two types of instab-

ility occurred. It was also obvious from these tests that the

two phenomena were interrelated. Lateral buckling had occurred

first in each case, and local buckling followed in locations of

increased compression caused by lateral buckling. Thus the

mechanism of failure by local buckling is not the same as failure

obtained by uniformly compressing the compression flange. It is

rather the case of the failure of a bent beam which is also sub-

jected to an axial stress.

Lateral buckling was not observed to be directly res-

ponsible for failure. Before local buckling the beams did not

show any signs of unloading.* Also, the onset of lateral buck-

For unbraced lengths larger than 45ry, this is not true any
more, because it was observed in Ref. 2 that unloading was
caused by lateral buckling for a beam with L/r = 50.
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ling is quite easily predicted. It occurs when the full cross

section is yielded, at curvatures of approximately 2 to 4 Oy.

Unfortunately the prediction of the occurrence of

local buckling is not obvious from the test results obtained

here. Since one could assume that the onset of local buckling

was the cause of failure in most of the test beams, it is im-

portant that this should be known.

An examination of the scattered points in Fig. 25

reveals that there is, within the range of end stiffnesses

considered here, no detectable influence of the variation of

the stiffnesses on the onset of local buckling. To check inter-

dependence of local and lateral buckling, the amount of midspan

lateral deflection is plotted against midspan curvature in the

plane of bending at the start of local buckling in Fig. 26.

The points on this figure are taken from Table 4, and tests

LB-13, LBW20, and LB-22 have been omitted because of either

double curvature deformations (Fig. 20 and 21 for LB-13 and

LB-20) or large movement of the support (Fig. 22 for LB-22).

The points in Fig, 26 are still quite scattered, but it can be

seen that local buckling occurred for most of the tests in a
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curvature range of 8 to 12 Oy. The average curvature for these

tests is 11.5 Oy.

One additional set of data is available for the local

buckling phenomenon: In Table 4 are listed the measured maxi-

mum strains at a point one inch from the tip of the compression

flange (Fig. 9) at the load point before the first observation

start of local buckling. The strains are marked Ec in this

table, and they are also given in non-dimensionalized form,

Ec/6y, where E is the strain at the theoretical start of yield-

ingo These data too exhibit a lack of regularity, and they

only show that local buckling started after strains ranging

from 12 to 23 times the strain 6 yo

The apparent random scatter of the deformations at

the start..of local buckling would seem to be quite disturbing.

One would expect that for the very similar conditions and re-

markably similar performances of the beams, local buckling should

have occurred in a less random manner.

Upon closer examination, this great variation can be

attributed to various factors:
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(1) Local buckling was observed visually. The

start of local buckling could have occurred

before the points marked B in Figs. 10 to

19. All that is definitely known is that

local buckling was present at this load

point, and that it was not present at the

point before this. Since in many cases the

range between these two points amounts to 2

or even 3 0., a great deal of this scatter

would have been eliminated by a closer

spacing of the deflection increments in the

tests.

(2) Local buckling did not necessarily occur

directly at the center of the critical seg-

ment where the readings of deformation were

taken. This would also account for some of

the observed scatter.

(3) Local buckling is dependent on the lateral

buckling deformations. These in turn are a

function of the initial crookedness of the

compression flange. In most instances lateral
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buckling occurred in the expected manner (see

curves in Figs. 20 - 22). However, in at least

two instances lateral buckling resulted in

double curvature deformation (see curves for

LB-13 and LB-20 in Figs. 20 and 21). Thus

tha initial state of the member can also be

expected to play a role in final occurrence of

local buckling.

4. SUMMARY AND CONCLUSIONS

4.1 PLASTIC HINGE BEHAVIOR

The M-0 curves for all the 14 tests performed in this

experimental program show (see Figs. 11 - 15) that each beam

delivered a plastic hinge with a certain amount of rotation

capacity. This rotation capacity varied to some extent; how-

ever, this variation could not be conclusively attributed to

the variations of any of the varied test parameters, which con-

sisted essentially of the variation of the purlin stiffnesses.

Unloading was in most cases triggered by local buckling, but

this was never catastrophic. Each specimen can be considered

to have exhibited a rotation capacity of at least 10 0.y before
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serious unloading occurred.

The question of whether the rotation capacity is

sufficient cannot of course be directly answered since each

structure will have different inelastic rotation requirements.

However, a study of the possible extreme rotation requirements

in commonly used steel structures has been performed( 8 ). An

examination of the results of this study has shown that the

maximum rotation requirements for hinges occurring between

panel points in all the structures which were investigated

occurred in the windward rafter of the two-bay gabled frame

which has been reproduced from Ref. 8 in Fig, 27. This hinge

rotation requirement was 0.057 radians. In this comparison

only hinges forming between panel points have been considered,

since this is the situation ,most resembling the test conditions.

At the panel points the moment gradient is usually quite large,

and it is therefore necessary to restrict the comparison to

cases where the hinge forms at regions of nearly uniform moment.

The rotation capacity of the test beams can be com-

puted as the sum of the two angles at the ends of the critical

span (9 in Fig. 1). Since the moment, as well as the curvature
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were uniform across this span, the end slope is equal to 9 =

0L The total inelastic rotation is

H = 0yL /Oy - 1) (5)

The values of H for each test are listed in Table 4. These

values of H represent the situation at the onset of local

buckling. It can be seen that these rotations are well above

the maximum requirements.

4.2 INFLUENCE OF THE VARIATION OF THE TEST PARAMETERS

The experiments described in this report were designed

to furnish information on the inelastic behavior of braced beams.

One of the questions to be investigated was the minimum stiff-

ness of the lateral bracing. The results of these experiments

indicate that the bracing need possess very little lateral stiff-

ness as long as it is able to hold the compression flange in

place at the braced point so that the member at this point is

effectively prevented from lateral deflection. As the M-0

curve for test LB-15 shows, no added lateral stiffness of the

purlin is required. The presence of purlins of greatly varying

stiffness (purlin slenderness ratio of 142 for LB-12 to 279 for

test LB-19, Table 1) did not noticeably influence the results.

The results of the tests were also not influenced by the method
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of loading (compression flange and tension flange loading,

tests Lb-18 and Lb-13) or by the method of attaching the

purlins. Nor did it seem to matter that in test P-9 stiffeners

were not provided over the whole depth of the section.

The tests have revealed that the one important and

indispensable function of the lateral bracing is to prevent

the compression flange from moving laterally at the point of

bracing. Any arrangement of lateral bracing which is able to

do this would seem satisfactory. However, the bracing which is

provided must be assured to perform this function. The area of

the bracing member need by only nominal as long as it can be

assumed that the bracing is able to take the small axial forces

in tension. Since in all frames except the outer one, bracing

will extend in both directions from the main beam, behavior os

this type can be reasonably expected. In outside frames (simu-

lated by tests LB-22 and P-10) the bracing must take these

forces in compression, and therefore a larger bracing member

is required.

4.3 ADDITIONAL RECOMMENDED RESEARCH

In this report no theoretical solution to the bracing
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problem has been presented, and the limited number of tests do

not warrant the expostulation of a definite set of design rules.

Theoretical work is now underway, and it is hoped that the re-

flections on the behavior of braced beams presented herein will

be of use in formulating a mathematical model of a wide-flange

beam in the post-buckling range. It is especially important to

determine reliably the onset of local buckling. Since the beams

do not fail rapidly after local buckling, it would also seem

profitable to investigate the post-local buckling behavior of

yielded plates. It is desirable to investigate the following

additional aspects of the problem of bracing requirements

experimentally:

(1) Since it is of paramount importance that the

bracing be able to prevent the compression flange

of the braced point from lateral motion, it is

desirable to know whether purlins which form a

plastic hinge at the same time as the braced

beam can adequately perform this function.

This problem should be investigated through

testing several beam-purlin assemblies by also

loading the purlin members.
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(2) The results of the experiments presented here

would lead one to assume that only the com-

pression flange must be braced. This question

is not conclusively answered by these tests,

and it is recommended that a test be performed

which is in all aspects similar to that LB-15,

except that the knife-edge guides act only on

the compression flange at the braced point.

(3) It is desirable to possess reliable measure-

ments on the axial force in the purlins, and

therefore it is suggested to perform a test

identical to LB-18, except that the purlins

be replaced by round tension bars or wires

which are provided with strain gages to

measure the axial force.

(4) The results of test P-9 showed no noticeable

effect from using a stiffener only over part

of the web at the bracing point. From rea-

sons of economy it would be desirable to find

out if the complete absence of a stiffener
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would significantly change the behavior.

Therefore it is recommended that a test

similar to P-9 be performed, but that

there be no stiffeners at all at the brac-

ing points.

4.4 INFLUENCE OF THE TEST RESULTS ON DESIGN

It is obvious that because of the lack of an adequate

theory and the limited number of tests it is not possible to

formulate design rules from the material presented in this

report. However, these experiments can serve as a guide for

checking the adequacy of bracing, There is no question about

the adequacy of the bracing in the tests reported, and there-

fore bracing which is similar to it, should also perform ade-

quately. Thus bracing which fulfills the following requirements

should be satisfactory in plastic design:

(1) Lateral bracing spaced so that a brace is

provided at the plastic hinge and at a

distance of 40ry in both directions away

from the plastic hinge.
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(2) The bracing members are designed elastically

such that no plastic hinge exists in them at

the time of failure of the braced member.

(3) Purlin depth to beam depth ratio is at

most 3.5,

(4) Purlins are attached by welding or bolting

to the compression flange of the braced

beam.

(5) A vertical stiffener is provided for at

least half the depth of the web at the

bracing point.

(6) The weak axis slenderness ratio of the

purlins is less than 200 if purlins extend

in both directions from the braced beam, or

less than 100 if purlins extend in one direc-

tioný only.
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6. NOMENCLATURE

M Bending moment

= Full plastic moment = y * Z

Z Plastic modulus

Lcr Length of span under consideration

Ladj Length of adjacent span

1 Length of purlins

d Overall depth of a section

b Flange width

t Flange thickness

w Web thickness

ry Radius of gyration about the y-y axis

0 Curvature

=y Curvature at the start of yielding

- Yield stress

E Modulus of elasticity

ksi Kips per square inch
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Fig. 5 Tension Flange Loading

Compression Flange Loading
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Fig. 7 Test in Progress
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a) AT START OF LATERAL BUCKLING

LCR

b) JUST PRIOR TO LOCAL BUCKLING

Fig. 23 Distribution of Yield Lines
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